1. Introduction {#sec1}
===============

Proteases \[EC 3.4.2124\], which cause the cleavage of peptide bonds between the amino acid residues in other proteins, are one of the most important groups of industrial enzymes, accounting for more than 65% of the total worldwide sale of the enzymes ([@bib58]; [@bib62]; [@bib6]). Based on the mode of action of proteases, they are classified into four categories such as alkaline, acid, thiol and metallo proteases ([@bib52]). Among the different types of proteases, alkaline proteases have wide applications in different industries such as detergent, leather, pharmaceutical, protein processing, foods, diagnostic reagents, soy processing, peptide synthesis industries, extraction of silver from used X-ray film and wastes treatment ([@bib57]; [@bib36]; [@bib53]; [@bib70]; [@bib7]). Therefore, the demand for industrially important highly active alkaline proteases with high specificity and stability of pH, temperature, and organic solvents continues to enhance the search for new enzymes ([@bib69]). Currently, proteases are not produced commercially in Bangladesh and tons of proteases are imported every year to use in different industries ([@bib8]). Bacterial proteases are the most significant when compared with plants, animal, and fungal proteases due to their extracellular nature, high yield of production, limited space and short period of time required for their cultivation and their feasibility to genetic manipulation ([@bib17]; [@bib55]). Among all protease producing bacteria, *Bacillus* spp. are the most popular source of commercial alkaline proteases ([@bib35]; [@bib24]).

Municipal solid wastes (MSW) management in Bangladesh involves collection and dumping of wastes in open field or throwing haphazardly resulting environmental pollution, climate change and public health hazards. About 16,000 tons of solid wastes are produced every day from the six divisional cities and other urban areas of Bangladesh ([@bib14]). It is predicted that this amount will be up to 47,000 tons per day by 2025 due to increase in population and urbanization ([@bib14]; [@bib27]). Methane, the second most prevalent greenhouse gas having impact on climate change over 20 times greater than carbon dioxide is emitted from the rotten MSW ([@bib21]). Almost 70--80% of the MSW is organic materials, which are mainly composed of cellulose, protein and fat ([@bib4]; [@bib25]). The large amount of organic MSW (OMSW) can be used for production of commercially important enzymes as well as renewable biomass energy and thereby to mitigate the climate change, public health hazards and environmental pollution caused by unmanaged MSW ([@bib8], [@bib11]; [@bib27]).

In industries, the overall cost of enzyme production is high and the growth medium accounts for about 30--40% of the production cost ([@bib31]). Reducing the cost of enzyme production by optimization of fermentation medium and process parameters is the major goal of basic research for industrial applications ([@bib38]). In our previous studies, the inexpensive cellulosic and proteinous materials of MSW were used as carbon and nitrogen sources in fermentation for neutral protease production by bacterial isolates ([@bib8]; [@bib27]). However, because the alkaline protease has wide range of industrial applications, our target is to produce alkaline protease from new bacterial isolates by using OMSW.

In the present study, we have isolated, screened and identified two bacteria producing alkaline protease. Further, the levels of protease production by these isolates using commercial carbon and nitrogen sources were compared to that with OMSW following optimization of some physicochemical parameters. Proteases produced from these bacterial isolates by using OMSW as a substrate in the bioreactor were partially purified and characterized, and applied for dehairing of cow skin, and decomposition of raw gelatinous compound from X-ray film.

2. Materials and methods {#sec2}
========================

2.1. Isolation of protease producing bacterial isolates {#sec2.1}
-------------------------------------------------------

Poultry waste mixed soil samples were randomly collected from near the poultry slaughtering house where residual biomass of chicken was discarded. One gram of the soil was suspended in 9 mL of sterile distilled water. After a serial dilution (10^1^ to 10^6^) of this suspension with sterile distilled water, 100 μL from each diluted suspension was spread on skim milk agar (SMA) plates (2.0% skim milk, 1.0% glucose, 1.5% agar and pH 9.0) and incubated at 37 °C for 24--48 h. Bacteria showing clear zones due to hydrolysis of casein in milk were selected as protease producers. Based on the ratio of clear zone (the ratio of diameter of clear zone to diameter of bacterial colonies), screening of protease producer was carried out and then pure cultures were obtained on SMA media.

2.2. Identification of bacterial isolates {#sec2.2}
-----------------------------------------

The selected proteolytic bacterial isolates were initially identified on the basis of cultural, morphological and biochemical characteristics. Finally, the 16S rDNA gene sequencing was performed for molecular identification of the two isolates, which showed higher level of proteolytic activity on alkaline SMA media and produced higher level of alkaline protease in a basal media mentioned below.

Genomic DNA extraction and the polymerase chain reaction (PCR) for amplification of the 16S rDNA of the both bacterial isolates were done as described previously ([@bib27]). PCR products were purified and sequenced as described by [@bib27]. The 16S rDNA sequences were analyzed using a free computer program Chromas 2.6.2. The similarities of the sequence were searched with the BLAST (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>) search program. The sequence was aligned with the similar sequences by using Clustal Omega (<http://www.ebi.ac.uk/Tools/msa/clustalo/>) and a phylogenetic tree was constructed using Molecular Evolution Genetic Analysis (MEGA), version 5.0 ([@bib65]) as described previously ([@bib9]).

2.3. Production of crude protease in the shake flask {#sec2.3}
----------------------------------------------------

A basal media (l.0% glucose, 0.5% peptone, 0.5% yeast extracts, 0.1% K~2~HPO~4~, 0.01% MgSO~4~ and 0.5% Na~2~CO~3~; pH 9.0) was used for alkaline protease production unless noted. For seed culture, 5 ml of sterile basal media was inoculated with an isolated colony and incubated at 37 °C and 120 rpm for 20 h. The seed culture was then transferred to 45 ml production media in a 250 ml conical flask and incubated under the conditions as indicated. The cell free supernatant was obtained by centrifugation at 8000 rpm for 20 min at 4 °C and used for determining the protease activity or further study.

2.4. Enzyme assay and protein estimation {#sec2.4}
----------------------------------------

Protease activity was determined by using azocasein (Sigma) as a substrate with some modifications of the method described by [@bib34]. In brief, the reaction mixture was (500 μl of 1.0% azocasein in 50 mM Tris HCI, pH 9.0 and 1 ml of enzyme solution) incubated for 30 min at 40 °C or as indicated. The reaction was stopped by adding 2.8 ml of 5.0% (w/v) trichloroacetic acid (TCA), and was kept at 4 °C for 15 min. The precipitate was removed by centrifugation at 8,000 rpm for 20 min. A 2 ml of the supernatant was added to 2 ml of 1.0 M NaOH and the absorbance was measured at 440 nm using a UV-visible spectrophotometer (T80 UV/VIS Spectrometer, PG Instruments Ltd, UK). One unit of protease activity was defined as the amount of enzyme that produced an increase in absorbance of 0.01 under the above assay conditions. For negative control, 5.0% of the TCA solution was added before addition of enzyme preparation. Total protein concentration was determined with Bradford protein assay kit (1x dye, Bio-Rad, USA) using bovine serum albumin as a standard protein ([@bib16]).

2.5. Bacterial growth analysis {#sec2.5}
------------------------------

Bacterial growth was analyzed by total viable cell count. During alkaline protease production, samples taken from the culture were diluted 10^4^ to 10^8^-fold. An aliquot of 100 μl from each dilution was spread on nutrient agar medium. After 24 h of incubation at 37 °C, the total viable cell count was performed manually as colony forming unit (CFU). At least three replicas were done for each dilution of a specific sample.

2.6. Optimization of fermentation conditions for protease production {#sec2.6}
--------------------------------------------------------------------

### 2.6.1. Cultivation period {#sec2.6.1}

To determine the optimum cultivation period for maximum alkaline protease production, the seed culture was inoculated in the basal media. The fermentation was carried out at shake flask level at 37 °C and 120 rpm. The initial pH of the production media was adjusted to 9.0. After 18 h of cultivation, samples of the culture were withdrawn aseptically with 6 h intervals to investigate the proteolytic activity and the bacterial growth.

### 2.6.2. Optimum temperature and pH {#sec2.6.2}

To investigate the effects of temperature on alkaline protease production, cultures were incubated at different temperatures ranging 25--45 °C with agitation at 120 rpm. The initial pH of the media was adjusted to 9.0. In order to observe the effects of different initial pH on the production of protease, the basal media was adjusted to pH 7.0 to 10.0. The culture was carried out at 30 °C and 120 rpm.

### 2.6.3. Carbon and nitrogen sources {#sec2.6.3}

The basal media was supplemented with l.0% each of glucose, sucrose, maltose, lactose and starch to investigate the effects of different carbon sources ([@bib10]). To observe the effects of various inorganic nitrogen sources on protease production, peptone and yeast extract of the basal media were replaced by 1.0% of ammonium sulfate, ammonium nitrate and ammonium chloride and urea. Fermentation at the shake flask was carried out for optimum period under optimum temperature and pH at 120 rpm.

### 2.6.4. Agitation {#sec2.6.4}

To study the effects of agitation on the production of protease, fermentation was done at optimum temperature and pH under different agitation rates ranging 110.0--140.0 rpm.

2.7. Protease production in the shake flask and bioreactor with OMSW {#sec2.7}
--------------------------------------------------------------------

Protease production in the shake flask with OMSW was done as described previously ([@bib8]). Fermentation of OMSW for protease production was carried out in a bioreactor (Fermac 360, Electrolab, UK). The inoculum size of the seed culture was 10% of the total fermentation broth. A 10 ml seed culture was produced in the basal media at 30 °C as described above. This culture was inoculated to 190 ml of OMSW media (2--4% of proteinous (chicken flesh, skin, feather etc) and cellulosic (peels of potato, pumpkin and banana) OMSW, 0.1 % K~2~HPO~4~, and 0.01% MgSO~4,~ pH 9.0) and incubated in a shaker incubator at 30 °C and 120 rpm for 20 h. For OMSW media preparation, the proteinous and cellulosic kitchen garbage were collected from dustbins situated in the Sylhet City Corporation of Bangladesh. Two hundred ml of this seed culture was aseptically transferred to the bioreactor containing 1.8 L OMSW media. Fermentation was carried out at pH 9.0 and 30 °C for 30 h by *B. subtilis* and at pH 9.0 and 30 °C for 36 h by *E. indicum*. During fermentation, the aeration was 1 vvm and the agitation was 120 rpm. After fermentation, cells were separated by centrifugation at 8000 rpm for 15 min at 4 °C, and the supernatant was used as a source of protease.

2.8. Partial purification of protease {#sec2.8}
-------------------------------------

The partial purification of protease was done with ammonium sulphate fractionation and anion exchange chromatography by the method as described previously ([@bib27]).

2.9. Effects of temperature and pH on protease activity and stability {#sec2.9}
---------------------------------------------------------------------

The effects of temperature and pH on the activity and stability of the partially purified protease was investigated as described previously ([@bib47]).

2.10. Effects of metal ions and protease inhibitors on the partially purified protease {#sec2.10}
--------------------------------------------------------------------------------------

The effects of metal ions on the activities of the partially purified protease were investigated by treating protease with 10 mM metal ion prepared in 50 mM Tris-HCl buffer, pH 9.0 for 1 h at room temperature. The metal salts tested were CaCl~2~, FeCl~3~, HgCl~2~, MgCl~2~, NaCl, KCl, CoCl~2~ and ZnCl~2~. The protease activity was then assayed as described above.

To investigate the type of protease, the partially purified proteases were treated for 1 h with 1 mM PMSF, ethylene diamine tetra-acetic acid (EDTA), 1, 10 phenanthroline, mercuric chloride, 25 μM pepstatin and leupeptin. PMSF, pepstatin and 1, 10 phenanthroline were solubilized in 50% (w/v) ethanol in 50 mM Tris-HCl buffer (pH 9.0) and rests of the inhibitors were dissolved in 50 mM Tris-HCl buffer (pH 9.0).

2.11. Dehairing of cow skin {#sec2.11}
---------------------------

Cow skin was selected and washed with water to remove salt and other debris. It was cut into the small pieces (5 × 5 cm^2^) and treated with partially purified enzyme (∼1000 U) and 7% sodium sulphide and lime for 24 hour under shaking at 120 rpm. Pieces of cow skin that were considered as negative controls were treated only with distilled water. The pH and temperature for all treatments were adjusted to 9.0 and 40 °C, respectively. After the treatment, the process of depilation was evaluated by examining the features such as colour, scud removal and general appearance of the leather.

2.12. Recovery of silver from waste X-ray photographic film {#sec2.12}
-----------------------------------------------------------

The pieces of used X-ray films (2 × 2 cm^2^) were washed with distilled water and wiped with cotton impregnated with ethanol. The washed film was dried in an oven at 40 °C for 30 min and then treated with 15 ml of partially purified alkaline protease (1000 U/ml) at 40 °C, pH 9.0 with continuous shaking. The film was checked for decomposition of gelatinous coating after different incubation periods. For a negative control, a similar piece of used X-ray film was treated with 15 ml distilled water instead of enzyme solution.

2.13. Statistical analysis {#sec2.13}
--------------------------

For statistical analysis, Student\'s 't' test was used. A *p* value of \<0.05 was considered to be statistically significant. Data were presented as the means ± standard errors of the means (SEM) of at least three independent experiments, or as noted in the figure legends.

3. Results and discussion {#sec3}
=========================

3.1. Isolation, screening and identification of proteolytic bacterial isolates {#sec3.1}
------------------------------------------------------------------------------

From a comprehensive screening on the SMA plate, twelve isolates showed clear zone around the colonies due to hydrolysis of milk protein casein, indicating that these bacterial isolates had proteolytic activity. All these twelve isolates were further sub-cultured on SMA media. Based on the cultural and morphological characteristics as well as the intensity of clear zones produced following subculture on the SMA plates ([Fig. 1](#fig1){ref-type="fig"}), two distinguished isolates (isolates 7 and 11) were obtained as pure culture.Fig. 1Isolation of proteolytic bacteria from poultry wastes mixed soil. Representative plates of screening for proteolytic bacteria on SMA media is shown in A and B. Clear zones due to proteolytic activity of pure culture of *Bacillus* sp. (C) and *Exiguobacterium* sp. (D) were observed on SMA media after incubation at 37 °C for 24 h.Fig. 1

Based on the results of cultural, morphological and biochemical characteristics, isolates 7 and 11 were identified as *Bacillus* sp. and *Exiguobacterium* sp., respectively. The 16S rDNA gene sequencing was performed for molecular identification of the species of these two bacterial isolates. The PCR amplicons from the genomic DNA of *Bacillus* and *Exiguobacterium* isolates were approximately 1516 and 1449 base pair, respectively. BLAST similarity search with the DNA sequences of the PCR amplicons obtained from *Bacillus* (DDBJ, EMBL and Gene Bank accession no. LC198638) and *Exiguobacterium* (DDBJ, EMBL and Gene Bank accession no. LC198639) revealed that these isolates were similar to *Bacillus* and *Exiguobacterium* spp. Phylogenetic tree constructed with the similar sequences showed that the *Bacillus* and *Exiguobacterium* isolates were closely related to *Bacillus subtilis* and *Exiguobacterium indicum*, respectively ([Fig. 2](#fig2){ref-type="fig"}). We named them as *Bacillus subtilis* AKAL7 and *Exiguobacterium indicum* AKAL11.Fig. 2Phylogenetic tree showing the relationships of *Bacillus subtilis* AKAL7 and *Exiguobacterium indicum* AKAL11 with other *Bacillus* and *Exiguobacterium* species, respectively.Fig. 2

3.2. Optimization of fermentation parameters for protease production {#sec3.2}
--------------------------------------------------------------------

### 3.2.1. Cultivation period {#sec3.2.1}

Cultivation period plays an important role in the extracellular alkaline protease production ([@bib44], [@bib43]; [@bib49]). Time course study in the shake flask fermentation with the basal media revealed that the cultivation period for production of the maximum amount of protease was 24 h for the both bacterial isolates, *B. subtilis* and *E. indicum* ([Fig. 3](#fig3){ref-type="fig"}). However, *E. indicum* produced almost 2-fold more protease compared to *B. subtilis*. Protease level gradually decreased after 24 h of fermentation possibly due to denaturation, degradation and autolysis of protease ([@bib18]). Growth kinetics during the time course showed that the protease production was almost growth associated. It was observed that the rate of protease production by these two bacterial isolates was low during early exponential growth phase, but a considerably increased rate was observed after the mid exponential growth and the highest levels of protease appeared at the end of the exponential growth phase. The residual glucose concentration was negatively correlated with the bacterial growth and production of protease was directly correlated with the production of extracellular protein (data not shown). These results suggested that the protein secretion continued from the cells along the growth phase.Fig. 3Time course of protease production and growth in the basal media. The fermentation at shake flask was carried out at 37 °C and 120 rpm with the initial pH of the media 9.0.Fig. 3

### 3.2.2. Optimum temperature and pH {#sec3.2.2}

In bioprocess, specific temperature requirement and its regulation is one of the most critical parameters for the growth and production of metabolites by bacteria ([@bib15]; [@bib60]). The optimum temperature for maximum production of protease by *B. subtilis* and *E. indicum* was 30 °C although considerable amount of protease was produced in the temperature range at 25--37 °C ([Fig. 4](#fig4){ref-type="fig"}A). This optimum temperature for protease production was in consistent with *Bacillus* sp. MIG ([@bib22]) and *E. profundum* BK-P23 ([@bib5]). The protease production was decreased considerably when the temperature increased above 37 °C. However, the optimum temperature for protease production varies from species to species, and it was reported that *B. licheniformis* and *Bacillus* sp. SMIA-2 produced maximum level of protease at 50 and 60 °C, respectively ([@bib3]; [@bib41]). The pH of the culture strongly influences many enzymatic processes and the transport of various components across the cell membranes ([@bib20]). We investigated the effects of initial pH of the media on the production of protease by the two bacterial isolates. The optimum pH for protease production by *B. subtilis* and *E. indicum* isolates was 9.0 ([Fig. 4](#fig4){ref-type="fig"}B). However, a significant level of protease was produced by the both isolates over a broad pH range. This result, in agreement with other reports ([@bib32]), indicated that the highest amount of protease was secreted by the both bacterial isolates at alkaline pH. It is also reported that the maximum level of alkaline protease is produced by *B. licheniformis* MP1 at pH 8.0 ([@bib29]) and by *B. circulans* and *B. infantis SKS1* at pH 10.0 ([@bib48]; [@bib51]; [@bib54]).Fig. 4Effects of temperature (A) and pH (B) on protease production by the bacterial isolates and their growth. (A) The initial pH of the media was 9.0 at temperatures as indicated. (B) The fermentation at shake flask level was carried out at 37 °C. Fermentation in (A) and (B) was done at 120 rpm for the optimum period for protease production.Fig. 4

Agitation plays an important role in transfer rate of nutrients, solubility of oxygen, cell dispersion and thereby enhanced aerobic metabolism of microbes ([@bib46]). In the shake flask fermentation, 120 rpm was observed as the optimum agitation for the highest level of protease production by the both bacterial isolates (data not shown). The amount of protease produced under optimum temperature, pH, agitation and fermentation period was approximately 250 U/ml.

### 3.2.3. Carbon and nitrogen sources {#sec3.2.3}

Production of alkaline protease is highly influenced by the nature of the carbon and nitrogen sources used in the media ([@bib56]; [@bib59]). The result showed that the media containing 1.0% glucose as a carbon source supported highest alkaline protease production compared to the other carbon sources ([Fig. 5](#fig5){ref-type="fig"}A). We further observed that the substrate inhibition was occurred above l.0% of glucose, and below this concentration, insufficient substrate caused lower growth as well as lower production of alkaline protease (Data not shown). The similar results were reported previously with other bacterial strains ([@bib20]; [@bib68]).Fig. 5Effects of carbon (A) and nitrogen (B) sources on protease production. Shake flask fermentation carried out at optimum temperature, pH and agitations were 30 °C, 9.0 and 120.0 rpm, respectively for protease production by the both isolates.Fig. 5

Among the different nitrogen sources investigated, 0.5% peptone with 0.5% yeast extract supported the highest level of alkaline protease production ([Fig. 5](#fig5){ref-type="fig"}B). This result indicated that the organic nitrogen compounds favored higher amount of alkaline protease production than the inorganic ones. It is also reported that the presence of yeast extract and peptone in the production medium had shown substantially enhanced protease production by *Bacillus* sp MA6 ([@bib10]), *B. acidophilus* subsp. *Halodurans* ([@bib64]), *B. subtilis* ([@bib66]; [@bib13]).

3.3. Production of protease in the bioreactor using OMSW {#sec3.3}
--------------------------------------------------------

In order to produce alkaline protease using OMSW, the carbon and nitrogen (glucose, peptone and yeast extract) sources of the basal media were replaced by 2, 3 and 4% each of cellulosic and proteinous OMSW. The highest level of alkaline protease was produced with 3% OMSW ([Fig. 6](#fig6){ref-type="fig"}). Almost similar level of protease was produced when the commercial carbon and nitrogen sources of the basal media were substituted by 3% of cellulosic and proteinous OMSW, indicating that OMSW might be adequate carbon and nitrogen source for protease production. Protease production by the both bacterial isolates with OMSW was optimized in shake flask and bioreactor. The optimum temperature, pH and agitation for fermentation of OMSW for maximum production of protease by both bacterial isolates at shake flask and bioreactor was 30 °C, 9.0 and 120 rpm, respectively. Optimum fermentation period for protease production from OMSW by *B. subtilis* and *E. indicum* at shake flask was 48 h and 60 h, respectively (data not shown). However, optimum fermentation period for protease production in the bioreactor by the both isolates was reduced by 18 h compared to shake flask. In our previous study, the fermentation period for protease production in the bioreactor by *Serratia marcescens* and *Pseudomonas putida* was reduced by 6 h compared to that in the shake flask ([@bib27]).Fig. 6Production of protease from *B. subtilis* (A) and *E. indicum* (B) by using OMSW. Black and gray bars indicated the protease level produced during fermentation at shake flask and bioreactor, respectively. The fermentation with the isolates was carried out under temperature, pH, and agitation at 30 °C, 9.0 and 120 rpm, respectively. The aeration in the bioreactor was maintained at 1 vmm. Results are mean ± SEM of repeated experiments (*n* = 3).Fig. 6

The protease production by *B. subtilis* and *E. indicum* in the bioreactor increased about 2--2.5 fold compared to that at the shake flask ([Fig. 6](#fig6){ref-type="fig"}). This result is consistent with our previous study in which protease production by *S. marcescens* and *P. putida* in the bioreactor increased about 2--2.5 fold compared to that at shake flask ([@bib27]). However, the bacterial isolates in the present study produced ∼2-fold more alkaline protease compared to our previous bacterial isolates. Interestingly, the *B. subtilis* isolate was the better alkaline protease producer using OMSW as the raw material may be due to its different enzymatic system compared to *E. indicum*. Growth kinetics during the time course study showed that the protease production was growth-associated (data not shown).

3.4. Characterization of partially purified protease {#sec3.4}
----------------------------------------------------

Partial purification of protease obtained from *B. subtilis* resulted in a final 45-fold purified protease with specific activity of 8335 U/mg protein and a typical yield of about 10% ([Table 1](#tbl1){ref-type="table"}), and that of protease from *E. indicum* resulted in a final 35-fold purified protease with specific activity of ∼9920 U/mg protein and a typical yield of 9% ([Table 2](#tbl2){ref-type="table"}). The predicted molecular mass of the partially purified protease from *B. subtilis* and *E. indicum* were 40 and 70 kDa, respectively ([Fig. 7](#fig7){ref-type="fig"}). The partially purified protease from the both sources was used for partial characterization as follows.Fig. 7SDS-PAGE of the partially purified protease from *B. subtilis* and *E. indicum*. Molecular masses of the standard proteins are shown in lane 1. Lanes 2, 3, 4, 5 and 6 indicated the crude, 30% ppt, 60% ppt, 90% ppt and partially purified protease by DEAE cellulose from *B. subtilis*, respectively. Lane 7, 8, 9, 10 and 11 indicated crude, 30% ppt, 60% ppt, 90% ppt and partially purified protease by DEAE cellulose from *E. indicum*, respectively.Fig. 7Table 1Summary of partial purification of crude protease from *B. subtilis* isolate.Table 1StepsVolume (ml)Protein (mg/ml)Total protein (mg)Activity (U/ml)Total activity (U)Specific activity (U/mg)Purification foldYield (%)Crude1500.777116.55141.821270182.5110030% (NH~4~)~2~SO~4~ ppt.21.6143.228722.51445447.642.456.860% (NH~4~)~2~SO~4~ ppt.22.2844.5685362.5107252347.8512.8650.4290% (NH~4~)~2~SO~4~ ppt.21.8123.624252.5505278.71.522.37DEAE- Cellulose10.2490.2492075.52075.58335.3445.679.75Table 2Summary of partial purification of crude protease from *E. indicum* isolate.Table 2StepsVolume (ml)Protein (mg/ml)Total protein (mg)Activity (U/ml)Total activity (U)Specific activity (U/mg)Purification foldYield (%)Crude1500.45768.5513019500284.46110030% (NH~4~)~2~SO~4~ ppt.21.1152.230520.51041466.811.465.3360% (NH~4~)~2~SO~4~ ppt.21.8843.7683172.563451683.925.9132.5390% (NH~4~)~2~SO~4~ ppt.21.5133.026882.51765583.272.059.05DEAE- Cellulose10.1850.185183518359918.9134.869.41

### 3.4.1. Effects of temperature and pH on protease activity and stability {#sec3.4.1}

The partially purified protease from the both sources was active within a wide range of temperature with the optimum temperature at 40 °C ([Fig. 8](#fig8){ref-type="fig"}A). However, almost similar protease activity was observed at 40--50 °C. The protease was stable from 30 to 50 °C. However, approximately 15--25% of protease activity was lost when the enzyme was treated at 55 °C. These results indicated that the protease from the both sources can be applied at a wide range of temperature above the room temperature. The temperature optima and thermostability of protease vary based on the bacterial species ([@bib27]). It is a well-known fact that protein conformation changes at higher temperatures, and hence, causes a decrease in the protease activity ([@bib30]). Nevertheless, the protease from halo tolerant *B. subtilis* retains its full activity after 30 min of incubation in the temperature ranging from 37 to 55 °C ([@bib26]; [@bib33]; [@bib1]).Fig. 8Effects of temperature (A) and pH (B) on activity and stability of protease from *B. subtilis* and *E. indicum*. Filled and open circles indicate the activity and stability of protease from *B. subtilis*, respectively and filled and open rectangles indicate those of protease from *E. indicum*, correspondingly.Fig. 8

The partially purified protease of the both bacterial isolates was significantly active over a broad pH range from 7.0 to 12.0 having the maximum activity at pH 9.0 ([Fig. 8](#fig8){ref-type="fig"}B). These results were in agreement with those of *Bacillus* sp. ([@bib19]). Generally, the commercial microbial proteases have pH optima in the alkaline ranges from 8.0 to 12.0 ([@bib52]). However, pH optima may differ based on different substrates ([@bib39]; [@bib63]). The purified protease from the isolates was stable at pH 7.0--11.0. However, protease activity was significantly lost when the enzyme solution was treated under acidic conditions and pH 12.0 and above. Protease from *B. pumilus* CBS and *Aeribacillus pallidus* C10 showed similar pH stability ([@bib28]; [@bib70]).

### 3.4.2. Effects of metal ions and protease inhibitors on protease activity {#sec3.4.2}

Mg^2+^, Ca^2+^ and K^+^ significantly increased the activities of protease from the both isolates ([Table 3](#tbl3){ref-type="table"}). In the presence of Mg^2+^, Ca^2+^ and K^+^, the activity of protease from *B. subtilis* increased 20, 25 and 23%, respectively and that from *E. indicum* increased 32, 12 and 5%, respectively. In contrast, protease from the both isolates was strongly inhibited by Fe^3+^, Zn^2+^, Hg^+^ and Co^2+^. It is reported that the activity of alkaline protease from *Bacillus* sp. and *Bacillus megaterium* RRM2 is increased by Ca^2+^ ([@bib23]; [@bib50]) and decreased by Hg^2+^, Zn^2+^ and Co^2+^ ([@bib67]; [@bib45]).Table 3Effects of metal ions on the activity of the partially purified protease of *B. subtilis* and *E. indicum*.Table 3Metal ions (10 mM)Relative residual activity (%) of partially purified protease from*B. subtilisE. indicum*None (control)[a](#tbl3fna){ref-type="table-fn"}100100K^+^123105Mn^2+^10095Fe^3+^43.257Mg^2+^120132.4Hg^+^3015.5Zn^2+^2518Na^+^9685Ca^2+^125112Co^2+^5965[^1]

The protease of *B. subtilis* and *E. indicum* isolates was classified on the basis of their response to different protease inhibitors. The protease obtained from *B. subtilis* was strongly inhibited by PMSF and HgCl~2~ and that of *E. indicum* inhibited by HgCl~2~ ([Table 4](#tbl4){ref-type="table"}). However, other inhibitors showed almost no inhibitory effects. This result indicated that the protease from *B. subtilis* was serine and cysteine type and from *E. indicum* was cysteine type ([@bib8]).Table 4Effects of protease inhibitors on the activity of the partially purified protease from *B. subtilis* and *E. indicum*.Table 4InhibitorsConcentrationsRelative residual activity (%) of purified protease from*B. subtilisE. indicum*Control[a](#tbl4fna){ref-type="table-fn"}None100100PMSF1 mM23471, 10 Phenanthroline1 mM95.591.4HgCl~2~1 mM309.6EDTA1 mM94.484.5Leupeptin25 μM8692.5Pepstatin25 μM90.588.3[^2]

### 3.4.3. Dehairing of hide by partially purified protease {#sec3.4.3}

Complete dehairing of the skin treated with protease was achieved after 12 h, whereas the skin treated with only distilled water remained unchanged ([Fig. 9](#fig9){ref-type="fig"}A). It was reported by [@bib42] that 1.0 % crude protease from *B. cereus* MCM B-326 dehaired buffalo hide after 21 h of incubation at 28 °C and pH 7.0. It was also observed that the sodium sulphide treatment dehaired the cow skin. Sodium sulphide removes the hair above the epidermis for which the leather doesn\'t become silky, however, the proteases attack the hair bellow the dermis and improve the silkier quality of the final leather preparations ([@bib40]). Nevertheless, protease showed better dehairing capability in comparison with the conventional chemical dehairing method. This result suggests that the alkaline serine protease in the present study might be potential for dehairing of hide in the leather industries. Enzymatic dehairing process is gaining attraction as an alternative chemical methodology for reduction of toxicity in addition to improvement of leather quality ([@bib12]; [@bib61]).Fig. 9Application of partially purified protease from *B. subtilis*. (A) Dehairing of cow skin by protease. Aa, Ab, Ac were treated with distilled water (control), partially purified protease and chemicals (Lime sulfide), respectively. (B) Decomposition of gelatinous compound from X-ray film. Ba and Bb were treated with distilled water (control) and partially purified protease, respectively.Fig. 9

### 3.4.4. Decomposition of gelatinous compound from X-ray film {#sec3.4.4}

The crude and partially purified protease from *B. subtilis* isolate completely decomposed the gelatinous coating on the X-ray film with incubation for 24 h ([Fig. 9](#fig9){ref-type="fig"}B). This result indicated that the alkaline serine protease preparation from the *B. subtilis* isolate might be potential for recovery of silver from the wastes X-ray film. It has been shown that alkaline protease is useful for recovery of silver from used X-ray photographic film ([@bib2]; [@bib37]).

4. Conclusions {#sec4}
==============

Two proteolytic bacterial strains were isolated and identified as *B. subtilis* and *E. indicum* based on the 16S rDNA sequence. Some physicochemical parameters were optimized for production of protease by the both bacterial isolates by using a basal media. The OMSW was successfully used in the bioreactor as raw material instead of commercial carbon and nitrogen source for the production of industrially important alkaline protease. Proteases produced from the two bacterial isolates by fermentation of OMSW were partially purified by ammonium sulphate fractionation followed by DEAE-cellulose chromatography. The partially purified protease from *B. subtilis* was serine and cysteine type and that from *E. indicum* was cysteine type. Removal of hair from raw cow skin and decomposition of gelatinous compound from X-ray film collectively revealed that the alkaline protease from *B. subtilis* might be potential for biotechnological applications.
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[^1]: The activity of protease without treatment with any metal ion (control) was considered as 100%.

[^2]: The activity of protease treated without any protease inhibitor (control) was considered as 100%.
